We studied the magnetoresistance (MR) of twisted bilayer graphene (tBLG) on electron transparent substrate. Samples of tBLG were assembled on free-standing silicon nitride (SiN x ) membranes (<100 nm thick) by transferring chemical vapor deposition (CVD)-grown single layer graphene (SLG) twice; this allowed the measurement of the angle of rotation between the two layers, the twist angle, by electron diffraction using a transmission electron microscope (TEM). To compare with the previous reports on tBLG, we performed Raman spectroscopy on our samples. We measured the MR of tBLG for two different twist angles: 2 (small) and 18 (large). The MR showed superposition of two Shubnikov de Haas (SdH) oscillations for both angles. An analysis of the oscillation peaks by Landau fan diagrams showed difference as twist angle. While the large twist angle (18 ) sample had two anomalous p Berry's phases, the small twist angle (2 ) sample had conventional 2p and anomalous p Berry's phase depending on carrier density.
Introduction
The low energy electronic properties of SLG are described by a model for massless Dirac fermions and contain unusual physics including an anomalous quantization of the Hall conductance, Klein tunneling [1] [2] [3] [4] and other electronic phenomena that have been studied in transport [1] [2] [3] [4] [5] [6] and optics [7] and may be useful for applications [8] [9] [10] . In multilayer graphene this low energy physics is changed by the development of electronic coherence between the layers. This turns out to be exquisitely sensitive to the atomic registry between the neighboring layers and their stacking order, and introduces a new degree of freedom for controlling the low energy physics. The possibility of exploiting these effects in various multilayer structures is being vigorously pursued. tBLG are systems where the crystallographic axes are rotationally misaligned and provide a particularly interesting family of materials because the interaction between its layers is determined by the relative twist angle and leading low energy physics that is unexpectedly rich [11] [12] [13] [14] .
The rotational misorientation of graphene layers in tBLG induces a mismatch of the momenta of the Dirac points of the two layers. Band calculations suggest that this produces a rotation angle-dependent renormalization of the Fermi velocity at low energies and a new van Hove singularity (vHs) in the density of states due to the hybridization of the Dirac cones at an energy scale where they merge. These features are observed in STM experiments [15] [16] [17] [18] . Raman spectroscopy and electron diffraction are also sensitive to twist angle in tBLG [19] [20] [21] [22] [23] [24] [25] [26] . In particular, two recent studies [21, 22] of Raman spectroscopy dependence on twist angle (confirmed by electron diffraction) show the correlation between Raman scattering and electronic band structure for different angles of rotation. The gate dependent resistance of tBLG was reported [27] [28] [29] [30] [31] [32] [33] , although the twist angles between the two graphene layers were not determined, assuming that the two independent graphene layers are stacked together. They analyzed the data with two carrier densities of bottom and top layer in tBLG.
On the other hand, there are theoretical predictions [12, 14] suggesting the existence of Moiré butterfly pattern when the twist angle, u, becomes small (less than 4 ). It is explained as due to the strong coupling between the two layers at small twist angle. Moreover, experimental observations for Hofstadter butterfly are recently reported in SLG or bilayer graphene (BLG) on h-BN substrate where graphene and h-BN layers are slightly mismatched less than 2 [34] [35] [36] . In this paper, we report the MR of tBLG samples in which the twist angle was directly measured with electron diffraction. We used an electron transparent SiN x membranes (<100 nm thick) as the substrate to acquire electron diffraction patterns and measure the transport properties of the same sample [37] . We observed superposition of two oscillations in both measured angles. We constructed Landau level fan diagrams for each to identify the Berry's phase for the two samples and find that they are different, depending on twist angle. While two anomalous p Berry's phases are observed for the large twist angle (18 ) Fig. 1(a) is described as follows.
(i) SiN x (100 nm)/Si (500 mm)/SiN x (100 nm) wafer is prepared. (ii)
One side of the wafer was first patterned with photolithography and later etched with a SF 6 plasma treatment. (iii) Afterwards, anisotropic wet etching of Si (100) in a KOH solution was performed to obtain the SiN x membrane. After transferring SLG twice, (iv), we isolated tBLG channels by using a negative tone resist (HSQ) and O 2 plasma etching. (v) Large contact pads were fabricated by combining photo and electron beam lithography, followed by thermal evaporation of Cr/Au (5/100 nm) and small contact pads of Cr/Au (5/150 nm) were made to connect the tBLG channels. Finally, we obtained 1 mm Â 0.5 mm size of tBLG channel and measured MR, electron diffraction and Raman spectroscopy on the same sample. Fig. 1(b) shows an optical (left) and TEM (right) images of a fabricated tBLG device on a SiN x membrane. In the optical image, the light blue square region is the free-standing SiN x membrane and the dark region surrounding the square is the SiN x /Si substrate. The TEM image is obtained from red dashed box in optical image. We describe two-probe measurement scheme and guide the tBLG channel by blue rectangle. We measured the MR with two probes using a standard lock-in technique at low temperature, and high magnetic fields (the standard 35 T DC resistive magnet in the NHMFL in Tallahassee, Florida, U.S.A.). Raman spectroscopy and electron diffraction were performed after the electrical transport measurement. The Raman signal (532 nm wavelength) was enhanced by adding a layer of 40 nm Pd underneath the SiN x membrane after finishing electron diffraction experiment. TEM analysis and electron diffraction were performed in a JEOL 2010 microscope, with an acceleration voltage of 200 kV. We acquired electron diffraction patterns from areas of 630 nm in diameter by using a selected area diffraction pattern (SAED) aperture.
Result and discussion

Raman spectroscopy and electron diffraction experiment
Raman spectroscopy strongly depends on the interlayer coupling in BLG. For decoupled (or weakly coupled) tBLG, the 2D peak shows high intensity, a narrow width and a blue shift [19, 21] . A strong G peak enhancement is also observed near rotation angles where the energy scale of vHs becomes similar with that of the excitation laser [20] [21] [22] . First, we show raw Raman spectroscopy result in Fig. 2 (a). We observed representative Raman peaks, for instance, D,G, 2D peaks. In order to analyze G and 2D peaks in detail, we subtracted base signal which comes from substrate background. Fig. 2 (b) shows G and 2D peaks of the two tBLGs after subtracting background. The 2D peak positions for 2 and 18
are blue shifted to 2695 cm À1 and 2694 cm
À1
, respectively. This blue shift is comparable with previous Raman results [21] . The full width half maximum (FWHM) for the 2D peak of 2 , 42 cm
, is narrower than the expected value of 60-70 cm
. The 2D FWHM of 18 , 38 cm
, however, agrees with previous reported values. Since it is difficult to consider the 2D signal as definite evidence of the rotation angle dependence, we also analyzed the G peak. The integrated intensity of the G peak for 18 is twice as large as the one for 2
. This difference can be interpreted by a singularity of joint density of state (JDOS) which is reported near 12.5 in a previous study with same excitation energy of laser (2.33 eV) [22] . The D' peak known to be accompanied with large D peak is observed around 1620 cm À1 for both 2 and 18 , which are in agreement with edge effects in our narrow channel widths (500 nm).
Electron diffraction patterns easily indicate the twist angle. For example, Fig. 2 (c) and (d) show the diffraction patterns for tBLG with twist angles of 2 and 18 , respectively. In Fig. 2 (c), white dashed circle is enlarged to inset of Fig. 2(c) . Two arrows indicate twist angle of 2 between two dots. We also obtain twist angle of 18 between red and yellow dashed lines in Fig. 2(d) . The patterns show two sets of spots with hexagonal symmetry rotated by the proper amount, as expected. The existence of only two sets means that the tBLG channels consisted of two single-grain SLGs; otherwise more sets of patterns would have been observed [40] . The background ring patterns result from the amorphous SiN x membrane.
Magnetoresistance (MR)
We present MR of 2 and 18 tBLG at several low temperatures in Fig. 3 and 4 , respectively. Fig. 3(a) and Fig. 4 (a) are raw data of R vs B of 2 and 18 tBLG, respectively. Even though our data does not show quantum Hall state like in the reported sample of moderate mobility [41] , we observed that there is an oscillation behavior superimposed in the increasing background signal (R background ). We presume that the increasing background is contributed by two possibilities which are the Hall signal proportional to B in twoterminal device configuration and the B 2 behavior observed in ordinary metal or semiconductor. Indeed, similar behaviors were previously reported in various papers [27, 28, [42] [43] [44] . In addition, we found that two different oscillations are superposed in the MR plot. We called the two different frequencies as the slow and the fast oscillation, respectively. The characterization details will be discussed in the Landau fan diagram below. The two oscillations have different aspect of temperature dependent MR. While the slow oscillation did not show distinctive temperature dependence in the range from 2.8 K to 10.7 K, the fast oscillation of 2 and 18 tBLG show temperature dependence as shown in the insets of Figs. 3(a) and 4(a) enlarged in 10 < B < 18 T and 27 < B < 35 T regions, respectively. That is, the amplitude of oscillation decreases as temperature increases, which is a representative behavior in Shubnikov de Haas (SdH) oscillation. Our observation of rapid reduction of amplitude for the fast oscillation is consistent with the previous study, that is, amplitude of our SdH oscillations is more rapidly reduced in high carrier density [1] . The DR The local resistance minimum (maximum) corresponds to the n(n + 1/2)-th LL which is presented in the left axis of panels (c) and (d) of Fig. 3 and Fig. 4 . The slope in the Landau fan diagram is the frequency of oscillation, f SdH , which is related to the carrier density as n SdH = g(e/h)f SdH , where g = 4 means spin and valley degeneracy, e is the unit charge quantity and h is Planck constant [1, 2] . The intercept in the Landau fan diagram is known to be related with Berry's phase of carrier, for example, SLG and Bernal stacked BLG have intercept values of 0.5 and 0 in the Landau fan diagram, respectively, which means Berry's phases of p and 2p [45] . In two-terminal device, the quantum oscillatory phase is affected by device aspect ratio, L/W, where L is length and W is width of sample [46, 47] . According to the references, the conductance, G, has maxima (minima) for L > W (L < W) at incompressible densities, filling factors AE2, AE6, AE10, etc. With L/ W > 1 aspect ratio of our device, our Landau fan diagram analysis is valid, where the local resistance, R = 1/G, shows local minimum at LLs (i.e. local maxima in G). It is difficult to identify the geometric factor of graphene on SiN x from Fig. 1(b) . However, the electron beam mask of 1 mm Â 0.5 mm size covers the graphene to prevent it from being etched in the process of fabrication. Thus, after successful fabrication the graphene has the geometry of the mask, which is L = 1 mm and W = 0.5 mm. Therefore, the graphene in our device has aspect ratio of L/W = 2 and the phase of a SLG is determined as p following the analysis in the ref. 46 and 47. It should be noted that the LL indexing is carried out by adopting local minimum and maximum point. Dissimilar with analysis by gate dependent MR or quantum Hall plateau, our electron transparent device configuration cause a difficulty indexing the LL. The LL indexing was based on two constrains which are (i) the adjacent local minimum and maximum have difference of 0.5 and (ii) the intercept value has to be either 0 or 0.5 in two-dimensional carbon system, respectively. From the consistency between the slopes of Landau fan diagram and the resonance peaks of Fourier transform, the LL indexing turns out to be valid. Fig. 3(c) shows the Landau fan diagram for the small twist angle 2 . The DR vs 1/B plot in Fig. 3(c) shows two different oscillations.
Upper inset of Fig. 3(c) shows the fast oscillation enlarged in the region of red dashed box, which is superimposed with the slow oscillation. This superposition of the two oscillations is shown with the two resonance peaks in the lower inset of Fig. 3(c) which is the Fourier transform of DR vs 1/B plot. We found that two resonance frequencies of 22.8 and 100 T corresponding to carrier densities of 2.2 Â 10 12 cm À2 and 9.7 Â 10 12 cm À2 , respectively. Compared with low frequency, high frequency peak is small but distinguishable enough. Furthermore, the high frequency peak is in good agreement with the value from the slope of Landau fan diagram in Fig. 3(d) . With the consistency, we conclude that the fast oscillation is not universal conductance fluctuation (UCF) which requires aperiodic fluctuation. To distinguish the fast oscillation clearly, we subtracted the slow oscillation part in the upper inset of Fig. 3(c) and plotted in Fig. 3(d) . The frequencies can be also extracted from the slopes which are obtained by linear fitting in the Landau fan diagram. The linear fittings in Fig. 3 (c) and (d) yield oscillation frequencies of 22.9 and 99.1 T, respectively. These values are close to the frequencies which are directly obtained from the Fourier transform of the magneto-oscillation shown in the lower inset of Fig. 3(c) pn p , where h is the Planck constant over 2p, v F is the Fermi velocity, and n is carrier density, the observed two different frequencies (i. e. carrier densities) correspond to placing the Fermi levels at 0.17 and 0.36 eV above the Dirac points of the two layers in our 2 sample. Although the estimated 0.17 eV is actually larger than theoretically predicted value of the vHs scale (0.1 eV), we see from the field dependence that the lower carrier density shows p Berry's phase and the higher carrier density (0.36 eV) has 2p Berry's phase.
The DR vs 1/B plot of the 18 twisted case also shows superposition of two different oscillations as in Fig. 4(c) . Similarly, upper inset of Fig. 4(c) indicates the fast oscillation which is superimposed with the slow oscillation. As the Fourier transform in lower inset of Fig. 4(c) , we extracted resonance frequencies of 18. angle, the values depend on carrier density in 2 angle. High carrier density yields nearly 0 intercept value similar with that of Bernal stacked BLG. independent) at large twist angle. Note that we also observe a deviation from the linear fitting in the Landau fan diagram in the high carrier density region as shown in Fig. 4(d) . In ref. 5 , the authors related to the confinement effect with the narrow channel geometry in SLG. The deviation occurs in low magnetic fields, when 2R c > W, where 2R c = 4n/k F , and n is the LL index for graphene. In Fig. 4(d) , the deviation starts from n = 20 and yields an effective width of W * % 260 nm, which is in the same order of our sample width, 500 nm. In terms of mean free path (l * ), we obtained 2.3 nm of l * in our sample. Since the confinement effect is valid for l * > W * , the deviation in our case is not explained by confinement effect. This could be due to the disorderness of our sample. However, we focus on the linear part in the Landau fan diagram in Fig. 4(d) which yields the fast carrier density and the value is consistent with that from the Fourier transform.
A striking observation in our data is the presence of two carrier pockets for both large and small angle tBLG, which indicates that a vertical potential difference %0.3 eV exists between the layers. Furthermore for the sample with a small twist angle the data suggest the coexistence at the same energy of conventional (multiple of 2p) and anomalous (p) Berry's phases for the high density and low density pockets, respectively. This result is distinguished from the situation inferred from measurement of the quantum Hall plateaus which indicate that a crossover from anomalous to conventional LL ordering occurs at a crossover energy scale separating the decoupled layer regime (low energy) from the vertically coupled layer regime (high energy). The data can be understood in terms of a model that describes a competition between two important energy scales in this problem. The first is the interlayer crossover scale D u ¼ 4p hv F sin u of the problem. The intersections at positive and negative energy are the electrostatically displaced Dirac points of the two layers.
Turning on G gives an avoided crossing near E = 0 (this is the direct interlayer mixing) and opens up a gap for these displaced points due to second order mixing through G (For the conventional model of the interlayer potential that we are considering, one of the Dirac states does not couple to the other layer and remains at the electrostatically displaced Dirac energy, the other one is split away from this energy). For chemical potential m comparable to (a)-(c) in Fig. 6 , the Fermi lines consist of two closed contours, one of which resides in the "third" band the other in the "fourth". The latter case resides entirely in a band that encircles a single Dirac point and has an anomalous Berry's phase p. The other lies in the third band and has a Berry's phase 2p just as in the high energy regime for large twist angles (The band has exactly the same topological structure).
Conclusion
In conclusion, we measured the MR of tBLG samples with twist angles directly measured from the electron diffraction. This was possible because electron transparent SiN x membranes were used as substrates. The MR showed superposition of two SdH oscillations in both cases, but Landau fan diagram analysis showed that the carrier types are different for small and large twist angles. For the 18 , the tBLG showed two anomalous p Berry's phases, as in SLG. In contrast, the 2 tBLG sample showed both anomalous p and conventional 2p Berry's phase, depending on carrier density.
